Introduction
============

Graphene, a two-dimensional monolayer of sp^2^-hybridized carbon atoms, has been one of the most celebrated materials in recent years, due to its exceptional and intriguing properties, which makes it a promising material for application in different fields.[@cit1]--[@cit6] One of the most important issues in graphene research is related to the fabrication method, because it has strong influence on the resulting structure (and consequently properties) of the obtained material. Characteristics such as the presence (or not) of defects and heteroatoms, the number of stacked sheets (mono-, bi-, tri- or multi-layers), edge chirality control and lateral extension of graphene are strongly dependent on the preparation route.[@cit7],[@cit8] Nowadays, graphene can be obtained through either top down (chemical, sonochemical, electrochemical, mechanical or mechanochemical exfoliation of graphite[@cit9]--[@cit14]) or bottom up (chemical vapour deposition-CVD,[@cit15],[@cit16] electrical arc,[@cit17],[@cit18] epitaxial growth on SiC,[@cit19],[@cit20] carbon nanotube unzipping[@cit21],[@cit22] and chemical synthesis from molecular precursors[@cit23]--[@cit26]) approaches.

The most used bottom up route to graphene is based on CVD, which yields large-area graphene obtained through the thermal decomposition at high temperatures of different molecular precursors over metallic substrates.[@cit27]--[@cit30] Although enormous progress has been made towards graphene\'s production by the CVD route,[@cit31]--[@cit34] it involves a high temperature, non-ambient atmosphere, and it doesn\'t allow the direct growth over non-metallic substrates (which requires the development of techniques to remove graphene from the metallic substrate followed by transference to another substrate, causing contamination and damage to the graphene film).[@cit27],[@cit35],[@cit36]

Chemical synthesis, in which graphene is obtained under room conditions (temperature, pressure and atmosphere) starting from organic molecules as the precursor, could be an important bottom-up alternative to overcome that and other problems.[@cit37] The current protocol is normally based on the oxidative cyclodehydrogenation of oligo- and polyphenylenes.[@cit38] However, in spite of the numerous efforts towards this direction, the chemical synthesis of large (micrometric) graphene sheets has never been reported. The main difficulty in producing a large graphene sample by this methodology is that the product becomes insoluble as it starts to grow, stopping the in-solution chemical reaction.[@cit39] Several improvements have been reported on the chemical synthesis of nanographene, mainly to prepare the so-called graphene nanoribbons (GNRs), which are high aspect-ratio graphene units with widths up to 10 nm and lengths up to 600 nm.[@cit40]--[@cit42] The main breakthrough was the development of the surface-assisted covalent synthesis, which involves a multi-step conversion of complex molecules on controlled metallic surfaces.[@cit43],[@cit44] This strategy often requires the use of high temperatures and special metallic substrates, as well as the design of complex organic molecules used as precursors (which requires sophisticated previous organic synthesis efforts).

Recently some of us demonstrated that the chemical reaction carried out at immiscible liquid/liquid (L/L) interfaces can overcome several of these issues, and demonstrated that benzene could be first polymerized and further converted to graphene in L/L environments.[@cit26] Here, we report a rapid, unique, easy and efficient route to obtain the largest graphene sheet chemically synthesized ever reported (micrometric lateral size), starting from simple hydrocarbon molecules (benzene and *n*-hexane) at room temperature, atmosphere and pressure. The strategy is based on a heterogeneous reaction between the organic precursor and solid iron chloride, at an aqueous/organic solvent L/L interface. A complete characterization of the side-products is also presented. Finally, we demonstrate that this route can be extended for the synthesis of N-doped graphene, using pyridine as the molecular precursor.

Results and discussion
======================

The synthetic procedure is carried out in a 50 mL round-flask in which a water/oil L/L interface is created, adding 10 mL of milli-Q deionized water and 10 mL of organic solvent. The detailed experimental procedure is presented in the ESI.[†](#fn1){ref-type="fn"} Three different samples will be initially discussed here, based on three aqueous/oil L/L interfaces: neat benzene (originating the sample GR-BZ), a benzene solution in *n*-hexane (1 μL of benzene in 10 mL of *n*-hexane, originating the sample GR-BZ/HX) and neat *n*-hexane (sample GR-HX). The system was maintained under magnetic stirring (1000 rpm) and a total of 2.0 g of solid anhydrous FeCl~3~ (previously dried under vacuum at 120 °C for 3 h) was slowly added to the system in 20 portions of 100 mg, every 2 min. The system was kept under magnetic stirring at room temperature for 3 h, after which the stirring was interrupted and a grey film was self-assembled at the L/L interface. After several procedures of washing and cleaning, the film was transferred to a flat substrate (glass or Si), Fig. S1.[†](#fn1){ref-type="fn"} [@cit45]--[@cit47]

[Fig. 1](#fig1){ref-type="fig"} shows representative Raman spectra of the samples. More than 30 different spectra have been collected at different regions of each sample (the spatial resolution of the Raman spectrophotometer is 1 μm^2^). The results indicate the predominance of two different spectral profiles, where the representative spectra of each one are illustrated in [Fig. 1](#fig1){ref-type="fig"}. For all samples, the spectral profile represented by the curves in the left side of [Fig. 1](#fig1){ref-type="fig"} has the signature of graphene and sp^2^-based carbonaceous material: a sharp band at approximately 1580 cm^--1^ (G band, the C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C stretching mode); a band at approximately 1338 cm^--1^ (D band, an inactive in-plane mode that becomes active due the presence of defects in a disordered structure); and a band at approximately 2660 cm^--1^ (the second-order Raman signal known as the 2D band).[@cit48],[@cit49] More detailed data extracted from the Raman spectra (*I*~D~/*I*~G~ ratio, *L*~D~ and *L*~A~) are presented and discussed in Table S1.[†](#fn1){ref-type="fn"} Also, the analysis of the 2D band of the spectra indicates the presence of mono-, bi- and multi-layer graphene, but the majority is bilayers in our sample (details in the ESI and Fig. S2[†](#fn1){ref-type="fn"}).

![Representative Raman spectra collected at different regions of the samples GR-BZ (a), GR-BZ/HX (b) and GR-HX (c).](c8sc02818d-f1){#fig1}

The other Raman profile found in all samples illustrated by the spectra presented on the right side in [Fig. 1](#fig1){ref-type="fig"} is characterized by a broadening of both the G and D bands, a high intensity of the D band (more intense than the G one) and the absence of the 2D band, typical profile of amorphous carbon, which means that the samples are constituted by both graphene and amorphous carbon. Hematite (Fe~2~O~3~) and magnetite (Fe~3~O~4~) Raman signals were also detected in some regions of the samples (Fig. S3[†](#fn1){ref-type="fn"}).

[Fig. 2(a--c)](#fig2){ref-type="fig"} show the Scanning Electron Microscopy (SEM) images of the films. The morphology of the samples is very similar, and the large graphene sheets can clearly be seen, with a lateral size in the order of micrometers. In several SEM images ([Fig. 2](#fig2){ref-type="fig"}, S4 and S5[†](#fn1){ref-type="fn"}), both flat and crumpled graphene sheets have been observed, always mixed with other morphologies like aggregated species, some of them with high brightness. The joint analysis of the SEM images collected from both secondary and backscattered (BS) electrons, combined with the EDS spectra, has proved to be an effective tool to elucidate these morphologies. [Fig. 2d](#fig2){ref-type="fig"} shows a SEM image collected using secondary electrons of the sample GR-BZ/HX, and [Fig. 2e](#fig2){ref-type="fig"} shows the same field obtained using a BS electron detector. Bright regions in the BS image will correspond to regions containing the heaviest elements, because they are more efficient to scatter the primary electron beam. Comparing the images presented in [Fig. 2d and e](#fig2){ref-type="fig"}, we can suppose that the brightest morphologies in [Fig. 2d](#fig2){ref-type="fig"} correspond to species containing residual iron species, and the opaque non-graphene morphologies in the BS image correspond to amorphous carbon. This attribution is corroborated by the punctual EDS spectra ([Fig. 2f](#fig2){ref-type="fig"}) indicating the distribution of Fe, C and O in each point of [Fig. 2d](#fig2){ref-type="fig"}: only carbon at point 3 (graphene sheet); Fe and O at point 2 (bright region in the BS image due to the presence of the heaviest Fe); and C and O at point 1 (non-graphene and no bright-region in the BS image, associated with amorphous carbon). The BS/SEM images and the EDS punctual spectra of the other samples are presented in the ESI (Fig. S4 and S5[†](#fn1){ref-type="fn"}). It is noticeable that the oxygen is apparently associated with the regions containing iron and with amorphous carbon, and absent on the graphene sheets.

![(a--c) SEM images of samples GR-BZ (a), GR-BZ/HX (b) and GR-HX (c); (d and e) SEM images of the sample GR-BZ/HX collected using secondary electrons (d) and backscattered electrons (e); (f) EDS spectra collected at the points marked in (d); (g and h) TEM images of the sample GR-BZ; (i) dark-field mode TEM images of the sample GR-BZ, collected in the same field as the image in (h).](c8sc02818d-f2){#fig2}

[Fig. 2g--i](#fig2){ref-type="fig"} show representative Transmission Electron Microscopy (TEM) images of the sample GR-BZ, in which a large and flat graphene sheet can clearly be seen in the centre of [Fig. 2g](#fig2){ref-type="fig"}, together with other morphologies associated with the side-products described before. [Fig. 2h](#fig2){ref-type="fig"} shows a large and isolated crumpled graphene sheet, in which the high brightness in the dark field image ([Fig. 2i](#fig2){ref-type="fig"}) demonstrates the crystalline nature of graphene, which was also confirmed by electron diffraction data (Fig. S6[†](#fn1){ref-type="fn"}).[@cit50]

The AFM images of the samples over Si/SiO~2~ substrates are shown in [Fig. 3](#fig3){ref-type="fig"}. The presence of large graphene sheets, as well as fragments with nanometric lateral size, is evident. The height profiles associated with each image demonstrates thickness ranging from 0.9 to 3.9 nm, characteristic of mono- bi- and few-layer graphene. Combining several SEM and AFM images of each sample, it was possible to elaborate the size histograms of the graphene produced, Fig. S7.[†](#fn1){ref-type="fn"} Impressive average areas have been obtained: 3.5 μm^2^ by a simple arithmetic mean; 1.5 μm^2^ by a lognormal Gaussian fitting of the histograms; approximately 43% of the sheets have an area higher than 2 μm^2^ and 31% higher than 3 μm^2^, with some sheets growing until 10 μm^2^.

![AFM topographical images (left) and the respective height curves (right) of the samples GR-BZ (a), GR-BZ/HX (b) and GR-HX (c).](c8sc02818d-f3){#fig3}

The nature of the iron species in the samples was elucidated by Raman (Fig. S3[†](#fn1){ref-type="fn"}) and X-ray diffractometry (Fig. S8[†](#fn1){ref-type="fn"}). All samples presented characteristic peaks associated with both hematite (α-Fe~2~O~3~) and magnetite (Fe~3~O~4~). The occurrence of Fe^2+^ (magnetite) in a sample produced under an oxidative atmosphere and starting from FeCl~3~ gives important information regarding the reaction mechanism, as will be discussed later. The atomic percentages of Fe^2+^ and Fe^3+^ calculated by X-ray photoelectron spectroscopy (XPS) for the sample GR-BZ was 56/44. In order to guarantee the accuracy of the Fe^2+^/Fe^3+^ ratio in the sample GR-BZ, it was analysed by XPS as-prepared, after only the cleaning process, and without any treatment to remove the iron oxide.

The high-resolution XPS spectra in the C1s region are presented in [Fig. 4](#fig4){ref-type="fig"}. The spectra are composed of peaks at 284.5 eV, characteristic of C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C (sp^2^) of both the graphene structure and sp^2^-hybridized C atoms present in the amorphous carbon, and peaks at 285.5, 286.6 and 288.6 eV, characteristic of C--C (sp^3^), C--O (sp^3^) and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O (sp^2^), respectively.[@cit51],[@cit52] These last ones are associated with the amorphous carbon in the sample. The atomic percentage of the samples is presented in Table S2.[†](#fn1){ref-type="fn"} It is noticeable that the fraction of carbon with sp^2^ hybridization in the samples is around 75%, including the sample obtained from *n*-hexane as the precursor.

![C1s XPS spectra of the samples GR-BZ (a), GR-BZ/HX (b) and GR-HX (c).](c8sc02818d-f4){#fig4}

So far the results presented here leave no doubt regarding the effectiveness of the proposed method and show the astonishing conversion of a simple aliphatic molecule such as *n*-hexane to graphene under mild conditions. There are no similar reports in the literature, related to such large graphene sheets obtained in a simple experiment, at room temperature and atmosphere, starting from simple molecules such as benzene or *n*-hexane. The product of the reaction is, in fact, a nanocomposite between graphene, amorphous carbon and iron oxide (the fraction of each component was estimated by thermogravimetric analysis, Fig. S9 and discussion in the ESI.[†](#fn1){ref-type="fn"} Considering only the carbon-based portion, the sample GR-BZ is composed of 58% graphene and 42% amorphous carbon). We performed several experiments to understand the mechanism of the reaction, as will be discussed in the following.

Our previous report on the synthesis of graphene starting from benzene was based on the systematic work of Kovacic *et al.*,[@cit53],[@cit54] in which benzene was first polymerized to poly-paraphenylene (PPP), which was stabilized at an L/L interface, and under excess of benzene and water, it was converted to graphene.[@cit26] This approach yielded graphene mixed with excess of PPP and other species that were not fully characterized. The route described here produces graphene directly from benzene without the previous benzene-to-PPP polymerization. A key point to be considered is the role of water. We performed the experiments under exactly the same experimental conditions with benzene and without water, and only PPP (no graphene) has been obtained, Fig. S10.[†](#fn1){ref-type="fn"} Also, the same experiment carried out at an ethileneglycol/benzene L/L interface, without water, produced only PPP (no graphene), meaning that water is essential for graphene production due its chemical properties (and not only to guarantee the L/L immiscible interface).

The proposed mechanism of benzene to graphene conversion is schematically represented in [Fig. 5](#fig5){ref-type="fig"}, and it is based on an electrophilic aromatic substitution reaction, in which the benzene acts as a nucleophile attacking the FeCl~3~ and originating a carbocation. In the following the carbocation reacts with another benzene ring. Here, the water acts as a base, and it is responsible for catching the hydrogen, releasing the reduced iron. The electron pair will regenerate the chemical bond in the benzene ring, generating biphenyl species. The biphenyl is more reactive than the benzene and the chemical reaction continues with the generation of another carbocation at the biphenyl unit, incorporating another benzene ring, at the ortho-position, and finally, the same process occurs in the 3-ring molecule to regenerate aromaticity, originating condensed domains that will be the seeds for the graphene growth, through successive electrophilic aromatic substitution reaction steps. This proposed mechanism explains the large amount of Fe^2+^ obtained in the final product. Also, it explains the crucial role of water, acting as a base. In the case of *n*-hexane, cyclization to benzene occurs (as will be demonstrated in the following), and should follow an analogous mechanism.

![Proposed mechanism of benzene-to-graphene conversion.](c8sc02818d-f5){#fig5}

An experiment with a L/L biphasic system using triethylamine/benzene (no water) was carried and the result was the same: a grey film was formed at the interface characterized as graphene (Fig. S11[†](#fn1){ref-type="fn"}), confirming that any strong Lewis base (and not only water) can be used, corroborating the mechanism proposed in [Fig. 5](#fig5){ref-type="fig"}. Another key analysis was to evaluate the organic phase remaining after the reaction by gas chromatography coupled to mass spectrometry (GC-MS). The chromatograms obtained from the organic phase of the samples GR-BZ and GR-HX are shown in Fig. S12,[†](#fn1){ref-type="fn"} along with the solvents (benzene and *n*-hexane). One important peak could be identified in the chromatogram of GR-BZ and GR-HX at a retention time of 17.7 min with a molecular ion of *m*/*z* = 154. The fragmentation pattern of this peak (shown in ESI, Fig. S13[†](#fn1){ref-type="fn"}) strongly agrees with the structure of biphenyl,[@cit55] a key species in the proposed mechanism. Other aromatic polynuclear species were not observed due to their known difficult detection by GC-MS ionization. Interestingly enough, for GR-HX the same peak attributed to biphenyl was detected at 16.3 min (Fig. S14 and S15[†](#fn1){ref-type="fn"}). The difference in retention time is due to the column change but its characteristic fragmentation pattern was also observed, confirming the proposed oxidative cyclization. In order to further confirm that biphenyl is formed in the synthesis using *n*-hexane and not only due to some residue/impurity of benzene, the organic phase was distilled and reused in a consecutive reaction. The chromatograms for all these steps were obtained (Fig. S14[†](#fn1){ref-type="fn"}) and evidence that upon distillation of the residual *n*-hexane in the synthesis, the signal due to biphenyl disappears, as expected. This distilled residual *n*-hexane is then used in another synthesis of GR-HX and the peak of biphenyl appears again, indicating that biphenyl is indeed formed during the reaction. Another interesting analysis was carried out with the GR-HX sample by electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-MS). Two signals of *m*/*z* = 318 and 416 were detected (acquired and isotopic-simulated spectra are given in ESI, Fig. S16 and S17[†](#fn1){ref-type="fn"}) that upon collision of 13 eV gave the ESI-MS/MS(--) shown in [Fig. 6](#fig6){ref-type="fig"}. The species fragmentation (loss of Cl^--^) agrees with the mechanism proposed for *n*-hexane. Hence, the simple small molecule *n*-hexane can cyclize consecutively under mild conditions, leading to graphene. The cyclization and aromatization of *n*-hexane under such mild conditions is a very important result, with significance that transcends this work. This process has been described in the literature employing heterogeneous catalysis and high temperatures.[@cit56]--[@cit59] Here, the solid FeCl~3~ acts as both a strong oxidizing agent (potential ∼ 2.0 V) and a catalyst in successive dehydrogenation and cyclization oxidative reactions.

![ESI-MS/MS(--) for the species of *m*/*z* 317.96 and 416.06 obtained from GR-HX.](c8sc02818d-f6){#fig6}

Finally, the broadness of the method was verified using a solution of pyridine in *n*-hexane as an organic phase, aiming for the direct synthesis of N-doped graphene (sample GR-PY). Graphene formation was confirmed by SEM, TEM and Raman data ([Fig. 7](#fig7){ref-type="fig"}). The Raman spectrum of sample GR-PY presented in [Fig. 7c](#fig7){ref-type="fig"} shows a higher *I*~D~/*I*~G~ ratio compared to GR-BZ/HX, indicating a higher degree of defects, as expected for doped graphene samples. A small blue shift (from 1580 to 1583 cm^--1^) observed in the G band for this sample is also indicative of N-doping. The survey XPS spectrum (Fig. S18[†](#fn1){ref-type="fn"}) indicates 2.3% nitrogen in this sample. The high-resolution XPS spectrum in the N1s region ([Fig. 7d](#fig7){ref-type="fig"}) presents peaks at 399.1, 400.2 and 401.6 eV, due to the pyridinic-, graphitic- and oxidized-nitrogen, directly associated with substituted N in the graphene structure.[@cit60],[@cit61]

![SEM image (a); Raman spectra (b); TEM image (c); and N1s XPS spectra (d) of the sample GR-PY. In (b) the Raman of the sample GR-BZ/HX is shown together for comparison.](c8sc02818d-f7){#fig7}

Conclusions
===========

In conclusion, we demonstrate a systematization of a simple, cheap, innovative, efficient and reproducible way to chemically produce graphene, starting from simple molecules. Taking advantage of the unique chemical environment at different water/oil interfaces and of the high-oxidation potential of solid iron chloride, we presented the synthesis of graphene with micrometric lateral sizes and demonstrated the mechanism to convert either benzene or *n*-hexane to graphene, starting from an electrophilic aromatic substitution reaction. The potentiality of the route is enormous, once different combinations of liquids/liquids can be designed, aiming for graphene with particular characteristics, as also demonstrated in this work for the N-doped graphene prepared from pyridine. Besides the novelties of the preparation of graphene itself, the route also suppresses an important technological issue associated with the application of graphene, which is the transfer process. Here the product is obtained directly at an L/L interface as a thin film, which can be easily transferred to any kind of ordinary substrate (including successive depositions originating films with more than one layer and controlled thickness and transparency), which means that both the synthesis and the processing of this important material are solved together, in a one-pot and one-step reaction. Finally, although the obtained sample presents impurities (adjustments and optimization of the process aiming neat graphene are expected to be done, including post-synthesis treatments for both amorphous carbon and iron oxide removal), the sample can be considered as a nanocomposite between the three components (graphene, amorphous carbon and the iron oxides hematite and magnetite), which adds novel functionalities and possibilities of application.
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